INTRODUCTION
The competition between intramolecular folding of a RNA molecule and its intermolecular interaction with other RNAs play important functional roles in a number of biological processes. RNA folding and RNA-RNA interactions are involved in pre-mRNA splicing (Green 1986) , retroviral RNA packaging (Badorrek and Weeks 2006) , RNA editing (Koslowsky 2004) , mRNA-regulated expression by RNAi or antisense RNA (Lavorgna et al. 2004) , and ribo-regulation of mRNA by specific small RNAs (Storz et al. 2004) .
RNA dimerization is a special case of RNA-RNA interaction. It has been shown to be essential for retrovirus function where two homologous RNA molecules form a dimer complex (Paillart et al. 1996) . Retroviral RNA sequences referred to as DIS1, SL-B9 (Hibbert et al. 2004) or PAL1 (Oroudjev et al. 1999), and DIS2, SL-(D'Souza et al. 2001 ), H1 (De Tapia et al. 1998) , or PAL2 (Badorrek and Weeks 2006) have been proposed to be dimerization initiation sites interacting through self-complementary loop-loop interactions. Recent work indicates that the PAL2 sequence does not appear to form the stable stem-loop structure previously assumed but is within a flexible domain that may make dimerization more favorable thermodynamically and/or kinetically. Dimerization of RNA molecules has also been documented for tRNAs (Grosjean et al. 1976; Wittenhagen and Kelley 2002) , a 75-nucleotide (nt) segment of the u29 viral encoded pRNA (Chen et al. 2000) , and potato spindle tuber viroid RNA (Gast et al. 1998) . In these examples, complementary base-pairing of loop-loop ''kissing complexes'' was proposed to initiate dimerization. Recent studies suggest that conversion of short RNA hairpins to a duplex may also occur through cruciform intermediates initiated by coaxial stacking of helical stems (Bernacchi et al. 2005) . The latter study highlights the existence of novel, not-well-understood mechanisms by which small RNAs may form higher order complexes.
During studies on an in vitro transcribed 79-nt RNA (Fig. 1A) , it was observed that this molecule, which formed a single band in a denaturing polyacrylamide gel (PAG), formed two bands in a native PAG at z1 mM concentration. The upper band was of similar or greater intensity than the lower band (Fig. 1B; Li and Wartell 1998) . This observation was consistent with the notion of either two conformations of different mobility or monomer and dimer forms. Since the upper band was not observed after a heat and quick-cool step (Fig. 1B) , it was tentatively assigned to a dimer form.
Observation of what are assumed to be RNA dimer bands is not uncommon in characterization of RNA transcripts (Ferrandon et al. 1997; Lease and Woodson 2004) . Although the 79-nt RNA has no known biological function-it was transcribed from a plasmid region that was a fusion of a multiple cloning site and a HIV viral segment (Li and Wartell 1998) -its ability to readily form two bands with similar intensity at low mM concentrations suggested further investigation.
In this article, we describe results that indicate that the 79-nt RNA does indeed form a dimer. A secondary structure prediction algorithm and two experimental approaches indicate that the first 21 nt at the 59 end of the 79-nt RNA is the essential element in dimer formation. Melting curve and gel mobility analysis of the 21-nt RNA sequence also provide evidence that this RNA can form a monomer hairpin and intermolecular dimer. The lowest energy structure predicted for the hairpin has four G d C base pairs (bp) in the stem, a seven-base loop, and a six-base dangling end. The lowest energy self-complimentary duplex structure is predicted to have 18 bp with two internal two-base bulge loops.
Studies on the conversion of the 21-nt RNA from its hairpin to dimer form produced unexpected results. Following a heating and quick-cool step to produce the hairpin conformation, little or no conversion to the dimer form (<10%) was observed at 2-20 mM strand concentration by slow cooling through the dimer melting region (z35°C) or from extended incubations at 0°C or 23°C. However, freezing RNA solutions at z2 mM concentration converted over 60% of hairpin to the dimer conformation even though the RNA has a T m z82°C in the solvent employed. The affect of base sequence changes on the RNA's ability to form a dimer indicated that loop-loop pairing between hairpins is not required.
The microenvironment of frozen aqueous solutions has been previously shown to be conducive to several potential prebiotic reactions including formation of dinucleosides from adenosine 29,39 cyclic phosphate (Renz et al. 1971) , synthesis of polynucleotides from imidazole-activated mononucleotides (Monnard et al. 2003) , and ligation of RNA oligomers by a hairpin ribozyme (Vlassov et al. 2004 ). The current study shows that frozen solutions can promote formation of intermolecular RNA structures from small stable hairpin RNAs. The results support the notion that freezing and/or freeze-thaw cycles could enable small RNA molecules to form more complex structures in a frozen environment where RNA degradation is minimized. The freezing-induced concentration of solute molecules and the interaction of water and ions with RNA in this environment apparently provide a conformational rearrangement pathway not readily available in liquid solution.
RESULTS AND DISCUSSION
The purified 79-nt RNA transcript showed different band patterns under different conditions. In a 12% denaturing PAG containing 8 M urea, only one band was detected (not shown). However, the same RNA sample at concentrations of 0.5-2 mM showed two bands in a 12% native PAG using a TBE buffer with 5 mM Mg 2+ (Fig. 1B) . The observation of two bands was unchanged if one maintained the RNA samples at 23°C for several hours prior to loading. The intensity of the upper band was equal to or greater than the intensity of the lower band. After heating the RNA to 65°C or 85°C for 2 min and quickly cooling in ice, only the lower band was observed. Figure 1B illustrates this result up to 120 min after the cooling step. A similar outcome occurred when TBE buffer was employed except that a lower fraction of RNA formed the upper band.
Sedimentation equilibrium studies
The PAG patterns described above indicated that the 79-nt RNA transcript formed two different structures, most likely monomer and dimer forms. A sedimentation equilibrium method was employed to test this interpretation (see Materials and Methods). The average molecular weight of an RNA sample that produced two gel bands was evaluated first. Three DNA molecules were used as molecular weight markers: a 25-nt DNA strand, a 47-nt DNA strand, and a 47-bp DNA duplex. The three DNAs and the RNA sample were run in separate tubes at 20,000 rpm for 20 h at 5°C. The average molecular weight of the RNA was 1.660.15 times the molecular weight of the 79-nt RNA monomer. When the RNA was prepared under conditions that produced one band in a native PAG, its average molecular weight was 1.160.1 times the RNA monomer. These results are consistent with the interpretation that the two gel bands are the monomer and dimer forms of the RNA.
Predicted RNA secondary structures
In order to gain insight on the structure of the 79-nt RNA monomer and dimer, low-energy secondary structures were predicted using the Mfold and RNA Structure 4.5 algorithms and parameters (Zuker 2003; Mathews et al. 2004 ). The lowest energy structure of the 79-nt RNA monomer is shown in Figure 1A . This structure, which has two hairpins sandwiching a 17-nt single stranded region, has a calculated DG o 37 of À20.2 kcal/mol. The next lowest energy structure has DG o 37 =17.7 kcal/mol. In the latter structure, the longer stem-loop in Figure 1A was unchanged, but the stem-loop close to the 59 end rearranged to form a hairpin with a 3:2 internal mismatch loop in the stem.
To explore what intermolecular interactions may give rise to dimer formation the Mfold secondary structure prediction algorithm was employed using a linker consisted of 10-20 unspecified nucleotides (X) to connect two 79-nt monomer sequences in a 59-39 to 59-39 fashion. The X nucleotides were constrained to be single stranded and the sequence submitted for energy minimization. The low energy structure produced for this sequence is shown in Figure 2 . The free energy was -47.7 kcal/mol. The first 21-nt from the 59 end of the 79-nt RNA is predicted to be the essential element for dimerization. The stem-loop at the 59 end of two RNAs convert to an intermolecular duplex. The 39 end stem-loop structure remains the same in both monomer and dimer forms.
RNase H assay
The above results provide structural models to test by experiment. An RNase H assay was carried out to probe the secondary structures of the 79-nt RNA sequence in the monomer and dimer forms using DNA oligonucleotides. RNA was prepared to give the monomer gel band (M) or a mixture of monomer and dimer bands (M/D). Figure 1A shows the location of the target sequences within the 79-nt RNA for eight DNA probes. Figure 3 shows the results from incubating 0.5 unit (U) of RNase H at 23°C for 30 min with 1.5 mM RNA and 9 mM of each DNA probe.
The major difference between the digestions of M and M/D samples are observed with the first two DNA oligomers. If no DNA probe was added, the 79-nt RNA band in control lanes M-c and M/D-c gave similar intensities and a faint band of faster mobility that resulted from the 2 min 90°C heating step to stop the reaction. This faint band was observed in nearly all lanes. In this assay, the intensity of the 79-nt RNA band for the M and M/D samples were measured relative to the intensity of this band in their respective control lanes. Results are tabulated in Figure 3 below the gel image. For DNA oligomer 1, the M sample (lane 1) showed twofold greater RNA degradation compared with the M/D sample in lane 19. The RNA target sequence is the 7-nt hairpin loop at the 59 end of the 79-nt RNA monomer (Fig. 1A) . The predicted dimer structure places this target sequence in an intermolecular duplex consistent with reduced RNase H cleavage (Fig. 2) . Incubating the RNA with DNA oligomer 2, the M/D sample (Fig. 3 , lane 29) exhibited 16% less degradation than incubating this DNA with the monomer or M sample (Fig. 3 , lane 2). DNA oligomer 2 is complementary to a sequence predicted to be single stranded in the monomer but partially base paired in the predicted dimer structure. The six other DNA probes targeted segments further toward the 39 end of the 79-nt RNA sequence. They showed little difference in degradation between M and M/D samples (Fig. 3 ). DNA probes 3 and 4 gave z50% degradation for both M and M/D samples. This is consistent with the prediction that these target sites have the same secondary structure in monomer and dimer, predominantly single stranded. Similarly, negligible degradation was observed for target sites 5-8, predicted to be the same in monomer and dimer forms, and part of duplex regions. The results are in qualitative agreement with expectations from the predicted secondary structures of the corresponding target regions for the monomer and dimer forms of the 79-nt RNA.
Properties of 59 and 39 segments of the 79-nt RNA
To further assess the hypothesis that the 59 end of the RNA is responsible for dimer formation, RNA sequences containing 59 and 39 portions of the 79-nt RNA were examined. Figure 4A shows a native polyacrylamide gel of the 50-nt 59-end of the 79-nt RNA, the 47-nt 39end of the 79-nt RNA, and the 79-nt RNA. The first three lanes show the mobility of the three RNAs after they were heated and quickly cooled. All three RNAs produced only one band after this heat and cool step. Samples in the last three lanes were loaded after simply diluting from stock solutions and equilibrating at 23°C. The 50-nt and 79-nt RNAs showed dimer bands while the 47-nt RNA did not form a dimer. These results indicate that dimer formation is due to a sequence within the 50-nt 59 portion of the 79-nt RNA.
The 59-end 21-nt RNA sequence can form a dimer
In order to delineate the dimer forming region further, the 21-nt RNA sequence at the 59-end of the 79-nt RNA suggested by the predicted structure of the 79-nt RNA dimer was examined. Figure 4B shows the predicted hairpin structure for the 21-nt RNA molecule. Gel electrophoresis characterization of this RNA at 2 mM strand concentration is shown in Figure 4C . The sample in lane 1 was diluted from stock solution and equilibrated for an hour at 23°C before loading. The sample in lane 2 was heated to 65°C for 2 min and quickly cooled in ice prior to loading. Two bands are observed for the untreated sample and one band for the heated and quickly cooled sample. These results indicate that the 21-nt RNA can form two conformations, which we attribute to hairpin and dimer structures. The 21-nt sequence appears to be responsible for dimer formation of the 79-nt RNA.
Additional evidence indicating that the 21-nt RNA can assume hairpin and dimer conformations was obtained from optical melting curves. Figure 5 shows ultraviolet (UV) absorbance versus temperature curves of the 21-nt RNA at 2 mM strand concentration without (Fig. 5 , curve a) and with (Fig. 5 , curve c) prior heating and quick cooling. Curve a displays a two-step absorbance increase with midpoint temperatures of T m1 =34.5 6 0.7°C and T m2 =82.5 6 0.5°C. Curve c exhibits only the high-temperature absorbance increase. Curve b shows the melting curve of a sample that was melted and then treated in a manner that reformed the hairpin and dimer structures (described below).
Several features of the melting curve data indicate that the high-temperature melting curve step corresponds to the hairpin to disordered single-strand transition, while the low-temperature absorbance increase corresponds to the dimer-to-hairpin conversion. The absence of the lowtemperature transition after the heat and quick-cooling procedure (Fig. 5 , curve c) coincides with the absent dimer band in the polyacrylamide gel experiment (Fig. 4C) . The high-temperature transition was reversible as expected for a monomolecular transition, and its T m was in good agreement with the T m predicted for the hairpin to single-strand transition of the 21-nt sequence ( (Shkel and Record 2004) , the predicted T m2 P is reduced by 6-10°C.
Influence of base changes on dimer formation of 21-nt RNA The AAUU sequence in the loop of the 21-nt RNA (Fig. 4B) has the potential to form a loop-loop kissing complex of four A d U pairs that could initiate or form the dimer. To explore this possibility and examine the influence of other base changes on dimer formation, the properties of five variants of the 21-nt RNA were examined. Figure 4B illustrates the base changes that were investigated. The A at position 7 from the 59 end was changed to a U (RNA-A7U), U at position 9 was changed to a C (RNA-U9C), G at position 10 was changed to a C (RNA-G10C), G at position 11 was changed to C (RNA-G11C), and the G d C and C d G base pairs at the second and fourth base pairs of the stem were transposed (RNA-GC/2&4/CG). All sequence variants are predicted to form a stable hairpin stem-loop structure. Predicted lowest energy self-complimentary duplex structures are illustrated in Figure 6 along with their predicted free energies at 37°C in 1 M Na + (Mathews et al. 2004 ). Calculated DH o values for the predicted hairpin and duplex structures at 37°C are available upon request as Supplemental material. Figure 7 shows polyacrylamide gel electrophoresis (PAGE) results that characterize the influence of the base changes on the ability of the 21-nt RNA to form the hairpin and dimer bands. RNA-GC/2&4/CG produced the hairpin band whether untreated or heated and quickly cooled. The other four RNA variants, with single base changes in the loop, displayed both hairpin and dimer bands in the gel after dilution from stock solution to 2 mM. Only the hairpin band was observed after the heat and quick-cooling procedure. Melting curves of the RNAs were similar to those in Figure 5 and completely consistent with the PAGE results (data not shown). All RNAs showed two step forward melting curves except for RNA-GC/2&4/CG. The latter RNA exhibited one melting transition with a T m of 77.0°C. The inability of RNA-GC/2&4/CG to form a dimer appears to correlate with the relatively unfavorable higher free-energy value predicted for its duplex conformation compared with the other RNAs (Fig. 6) . Table 1 lists the experimental T m values of the melting curve steps for the six 21-nt RNAs as well as thermodynamic parameters evaluated from the reversible high temperature (>70°C) transition. The original 21-nt RNA or wildtype (wt) sequence, RNA-A7U, RNA-U9C, and RNA-G10C have different T m values for their low-temperature transitions but very similar values for their high-temperature transitions. RNA-G11C exhibited the highest T m value for the second transition. This RNA has 5 bp in its predicted hairpin stem whereas the other RNAs have 4 bp. The experimental T m2 values of the RNAs track with the predicted T m2 P values based on the 1 M Na + parameters (see above). This agreement supports the assignment of the high-temperature melting curve step to the hairpin to single strand transition.
Excluding RNA-GC/2&4/CG, which produced only the high temperature transition, the first melting steps of the 21-nt RNA and its variants were not reversible upon cooling. Since this first melting step corresponds to the dimer to hairpin transition and the dimer does not reform upon cooling, we conclude that the hairpin conformations are more thermodynamically stable than the dimers at room temperature. The dimer structures represent kinetically trapped states. They were not in reversible equilibrium with the hairpin under the solution conditions employed. Although this transition is expected to be concentration dependent, the forward melting curve of the 21-nt RNA at 10-fold higher concentration (20 mM) was the same as curve a of Figure 5 . Slow cooling of this sample also did not exhibit reformation of the dimer.
Freezing can induce hairpin-to-dimer conversion
The presence or absence of dimer and/or monomer forms of the 21-nt RNA and most of its variants was similar to the 79-nt RNA. Samples diluted to z2 mM from frozen stock solutions exhibited both hairpin and dimer conformations by PAGE with the exception of RNA-GC/2&4/CG. The dimer band dominated and the intensity ratio of dimer vs. hairpin bands remained stable at 23°C for extended periods (little or no change was observed after 120 h for 2 mM of 21-nt RNA). Following the heat and quick-cool procedure however, only the monomer hairpin band dominated even after extended incubation at 0°C or 23°C (see below). Since the dimer conformation was only observed in significant amounts following dilution from thawed stock solutions, the influence of freezing on the temperature dependent optical transition of the 21-nt RNA was examined. Curve b of Figure 5 shows the melting curve of a 21-nt RNA sample that had been previously melted (curve a) and then frozen at À10°C for over 120 h. The two-step transition closely followed the initial melting curve. If once-melted RNA was maintained at 23°C for a similar period of time, the second melting curve was the same as curve c. Freezing the RNA solution produced the dimer conformation. Figure 8A shows the rate of formation of dimer from hairpin for RNA-A7U at À10°C. Samples (2 mM) were heated and quickly frozen, and then incubated at À10°C for the times indicated. Samples were simultaneously thawed and analyzed on a polyacrylamide gel. The fraction of strands as dimer vs. time was evaluated from the gel image as described in Materials and Methods and plotted in Figure Fig. 4A . T m1 and T m2 are the midpoint temperatures of the melting curve steps 1 and 2, respectively. Solvent was 0.1 M KCl+5 mM NaPO 4 . T m2 P values in parentheses are the predicted T m for the hairpin-to-strand transitions described in the text. Thermodynamic parameters have uncertainty of 6 6% primarily from uncertainty of upper baseline. nt means no transition. 8B. Approximately 85% of the RNA-A7U hairpin was converted to dimer following a 72 h incubation at À10°C. Figure 8B also plots results obtained using the original or wt sequence. Conversion to dimer in this case was z63% after 72 h. Samples of the wt RNA or RNA-A7U prepared in the same manner but incubated at 23°C or 0°C gave only 5% conversion to dimer. If 10-fold higher concentration of the wt RNA was incubated for 72 h at these temperatures following the heat and quick-cool procedure, about 9% of the dimer band was observed (data not shown). Figure 8C shows the fraction of total strand in dimer conformation following the heat and quick-freeze procedure for all 21-nt RNAs at 2 mM concentration at À10°C and 23°C after 72 h. RNA-GC/2&4/CG shows essentially no dimer band at either temperature while RNA-U9C and RNA-G10C display 51% and 70% dimer band, respectively, at À10°C and 5% or less at 23°C. RNA-G11C only recovered 8% of the dimer conformation after 72 h at À10°C. We note that this RNA forms a more stable hairpin than the other RNAs. Preliminary experiments indicate that higher concentrations of this RNA are needed to promote significant dimer formation in frozen solution in this time frame. Figure 7 shows z75% dimer band for an RNA-G11C sample that had been diluted in two steps from its stock solution (500 mM) stored at À20°C. The results indicate that the extent of hairpin to dimer conversion in frozen solution depends on the specific RNA sequence. As indicated in Table 1 and Figure 6 , the sequence of the variants can be expected to affect the relative thermodynamic stability of dimer versus hairpin forms.
A frozen solution of RNA and other solutes can be described by a solid phase of pure water (ice) in equilibrium with a spatially distributed liquid phase containing nearly all of the solutes (Franks 1985; Strambini and Gonnelli 2007) . Freezing concentrates the ions as well as the RNA in the liquid phase. As noted in the introduction, a number of reactions that could potentially have been involved in the prebiotic evolution of an RNA world can occur in frozen microenvironments. The current finding demonstrates that freezing solutions of short stable RNA hairpins can drive the formation of intermolecular RNA complexes.
The ability of RNA-A7U and RNA-U9C to readily form dimer conformations argues against a loop-loop complex being either the dimer structure or an intermediate in hairpin-to-dimer conversion. It is more likely that the dimers of the 21-nt RNAs correspond to duplex secondary Polyacrylamide gel of 21-nt RNA (wt) and the five mutant 21-nt RNA sequences (m1, m2, m3, m4, m5) with (+) and without (À) the heat and quick-cool procedure. Different intensities for sequences reflect differences in concentration (2.0-2.5 mM) and/or differences in ethidium bromide staining. The numbers of the mutant RNA sequences correspond to the identifying number of the associated base change(s) shown in Fig. 4B , e.g., m2 is RNA-A7U. structures such as the ones illustrated in Figure 6 . A proposed pathway for hairpin-to-dimer conversion is sketched in Figure 9 . It involves the juxtaposition of two hairpin molecules that enable fluctuational base pair opening in the stems to initiate intermolecular base pairs that propagate into a duplex form. Previous studies on blunt end RNA hairpins in liquid solution suggested that duplex formation may occur by coaxial stacking of hairpin stems, partial end melting, intermolecular base pairing, followed by cruciform extrusion (Bernacchi et al. 2005; Liu et al. 2005) . The single-stranded tails of the 21-nt RNA mitigate against this pathway for the RNA sequences examined. While more detailed thermodynamic, kinetics, and structural studies are required to determine the structures, pathway(s), and biophysical factors that are involved in formation of intermolecular RNA complexes in a frozen environment, the results illustrate the surprising nature of RNA conformational rearrangements that are possible in subzero temperatures.
MATERIALS AND METHODS

RNA molecules
The pGEM7Zf(+) plasmid from Promega Inc. was modified as described by Li and Wartell (1998) to provide templates for run-off transcription from a T7 RNA polymerase promoter. The modified plasmid is referred to as pN1. RNA transcripts 79-nt long were produced using HindIII-cut pN1 plasmid as template. Figure 1A shows the predicted secondary structure of the 79-nt RNA sequence using Mfold (Zuker 2003) . RNA molecules corresponding to the first 50-nt of the 79-nt RNA were transcribed using EcoRI-cut pN1 plasmid as the template. Transcription reactions employed volumes of 0.25-1.0 mL containing 10 mM dithiothreitol; 500 mM of ATP, CTP, GTP and UTP; 13 transcription buffer (50 mM Tris-HCl at pH 7.5, 10 mM NaCl, 6mM MgCl 2 , and 2mM spermidine); 25 units/mL of RNase inhibitor; 100 mg/mL of BSA; 120 units/mL of T7 RNA polymerase; and 100 mg/mL of digested pN1 plasmid DNA. Transcription reactions were carried out in a 37°C water bath for 3 h. RNA transcripts were purified from the DNA template and small reaction components using serial filtration steps with 100-kD and 10-kD filtration units. A 47-nt RNA corresponding to the 47 nt from the 39 end of the 79-nt RNA was produced by site-specific RNase H cleavage of the 79-nt RNA using a 29-O9-methyl-RNA/ DNA chimera (59- (Inoue et al. 1988 ). The RNA was purified by 12% denaturing PAGE and elution (Sambrook and Russell 2001) . Concentration of the transcribed RNAs and its products were estimated from UV absorbance at 260 nm assuming 1.0 OD at 23°C equals 40 mg/mL. The 21-nt RNA sequence corresponding to the 59 end of the 79-nt RNA and its sequence variants were obtained commercially. Their concentrations were estimated based on the amounts stated by the manufacturer, as well as from extinction coefficients calculated for each single strand based on dinucleotide frequencies (BourdelatParks and Wartell 2005) and the 260 nm absorbance value linearly extrapolated to 25°C from absorbance vs. temperature plots in the single stranded region. Values obtained by these two methods were 610%. RNA stock solutions were stored at À20°C at concentrations of 20-100 mM for the transcribed RNAs and 200-500 mM for the 21-nt RNA oligomers.
Sedimentation equilibrium experiments
Sedimentation equilibrium analysis was carried out using a method developed for a preparative ultracentrifuge (Bothwell et al. 1978) with minor modifications (Dripps and Wartell 1987) . Three 32 P 59-end-labeled DNA molecules were used as molecular weight markers. Two DNAs were single-stranded oligomers, 25-and 47-nt long, and the third DNA was a 47-bp duplex. The three DNAs along with the RNA sample were centrifuged in separate tubes at 20,000 rpm for 22-24 h. RNA was labeled by an in vitro transcription reaction using 32 P[UTP] (Sambrook and Russell 2001) . Labeled nucleic acids were combined with unlabeled ones to provide the desired concentration. Each nucleic acid sample was at a concentration of 5-10 mg/mL. The RNA concentration was z0.5 to 1 mM. The solvent was TBM buffer (90 mM Trisborate at pH 8.2, 0.1 mM EDTA, and 5 mM MgCl 2 ) containing 5 mg/mL ficol to stabilize convection. Some experiments also contained RNase inhibitor (0.4 units/mL) to prevent RNA degradation. Each tube contained 100 mL. After centrifugation, the uppermost 40 mL and the remaining 60 mL at the bottom were removed from each tube. The amount of nucleic acid in each aliquot was determined using scintillation counting. The fraction of the total initial nucleic acid in the upper 40 mL after centrifugation, F, was determined. The average molecular weight of the RNA sample was interpolated from the linear plot of log F vesrsus molecular weight of the DNA standards (Dripps and Wartell 1987) .
RNase H Assay
''Master mixture'' (40 mL) solutions were made containing 0.5 units of Escherichia coli RNase H1 (USB) and the 79-nt RNA prepared in either the M form or M/D mixture. The solutions were incubated for 15 min at 23°C in 1X RNase H buffer (20mM Tris-HCl at pH 7.8, 40 mM KCl, 8 mM MgCl 2 , 1 mM DTT) with 0.15 unit of RNase inhibitor. From this mixture, 7 mL was added to each reaction tube with 3 mL of a given DNA oligomer to give final concentrations of 1.5 mM RNA and 9 mM DNA oligomer. The reactions were incubated at 23°C for 30 min and then heated at 90°C for 2 min and quickly cool on ice. They were mixed with FIGURE 9. Proposed conformational pathway for conversion of two hairpin monomers of 21-nt RNA to the duplex dimer form. ficol loading buffer, and immediately run into a 12% native PAG using TBE buffer. Nucleic acid bands were visualized by staining the gels with ethidium bromide. Gel images were captured with an AlphaImager 2000 gel documentation system (Alpha Innotech Inc.). Exposure times were adjusted to produce images of the uncut RNA band in a linear intensity range. The relative intensities of the 79-nt RNA bands were determined using the documentation image analysis program. The evaluated percentages of digested 79-nt RNA were reproducible within 65%.
Polyacrylamide gel characterization of RNAs
The RNAs were characterized using a 10% or 12% native polyacrylamide gel (37.5:1 polyacrylamide:bisacrylamide) with TBE buffer or TBE buffer with 5 mM MgCl 2 for the transcribed RNAs or 1 or 2 mM MgCl 2 for the 21-nt RNAs. Transcribed RNAs were also characterized in 12% denaturing polyacrylamide gels contained 8 M urea. RNA samples loaded into gel lanes were 10-15 mL in volume with concentrations of 0.5-2 mM for most experiments. One microliter of loading solution (0.025% bromophenol blue and 50% glycerol) was added prior to loading samples. Electrophoresis was carried out at 23°C at 90-100 volts, and the gels visualized by staining with ethidium bromide. Samples that were heated and quickly cooled prior to gel characterization were placed in an 85°C or 65°C bath. The higher temperature was employed in studies on the 79-nt RNA while 65°C was employed with the 21-nt RNAs. After heating for 2 min, samples were immediately placed in ice water for 5 min.
Quantification of dimer and monomer bands for the 21-nt RNAs was made on gel images obtained using an AlphaImager 2000 following ethidium bromide staining, and analyzed using the Multigauge V 3.0 software (Fujifilm). In order to convert band intensities of hairpin and dimer to concentrations, normalization factors were determined. Identical amounts of RNA were loaded in adjacent lanes. One lane contained an untreated sample and exhibited dimer and hairpin bands, while the other lane contained a sample that had been heated and quickly cooled to produce only hairpin band. The relation of [moles strand in hairpin]/[band intensity], r h , to [moles strand in dimer]/[band intensity], r d , were determined from the two equations that expressed the known amount of RNA of each lane in terms of band intensities and the unknowns r h , r d . We found r h =(1.25 6 0.20) r d for the RNAs. The average corresponds to the dimer molecule binding 2.5 times more ethidium bromide than the hairpin molecule.
Freezing reaction assays
The effect of freezing on the conformational properties of the 21-nt RNA and its sequence variants was carried out as follows. RNA samples were prepared typically at 2 mM strand concentration in a solvent of 0.1 M KCl and 5 mM NaPO 4 (pH 7.5). Samples (10 mL) in 0.5-mL conical microcentrifuge tubes were heated and quickly cooled in ice as described above. They were then immediately immersed in a À70°C ethanol bath for 5 min and transferred to a freezer set at À10°C and incubated for different lengths of time. Experiments in which samples were incubated at 0°C or 23°C were frozen in the ethanol bath as above, and then transferred to the stated temperatures. Figure 8 plots were based on two or more experiments. In other experiments, 10 mM Tris-HCl (pH 8.0) replaced the 5 mM NaPO 4 buffer component. No major differences in outcome were noted.
UV absorbance melting curves
UV absorbance was employed to monitor the melting curves of the 21-nt RNAs. RNA samples were prepared at 2 mM strand concentration in 0.1 M KCl and 5 mM NaPO 4 (pH 7.5). They were placed in a 1-cm path length quartz cuvette, and a Cary 100 spectrophotometer (Varian Inc.) was used to monitor absorbance vs. temperature at 268 nm with a heating rate of 1.0°C/minute and cooling rates of 0.5°C or 0.2°C/min. Temperature was measured with a platinum resistance probe inserted into an adjacent solvent cell. Two or more melting curves were obtained for each sample. A van't Hoff analysis was used to evaluate the enthalpy, DH o , and entropy, DS o , change of the hairpin to single strand transitions as described previously (Bourdelat-Parks and Wartell 2005) . A twostate transition was assumed and a nonlinear least squares regression was employed to evaluate DH o and DS o pairs that best fit the shape of the normalized melting transitions.
SUPPLEMENTAL DATA
All Supplemental Materials are available by sending an e-mail request, entitled ''RNA Enthalpies,'' to rwartell@gatech.edu.
